When PC12 cells are deprived of trophic support they undergo apoptosis. We have previously shown that survival of trophic factor-deprived PC12M1 cells can be promoted by activation of the G protein-coupled muscarinic receptors. The mechanism whereby muscarinic receptors inhibit apoptosis is poorly understood. In the present study we investigated this mechanism by examining the effect of muscarinic receptor activation on the serum deprivation-induced activity of key players in apoptosis, the caspases, in PC12M1 cells. The results showed that m1 muscarinic activation inhibits caspase activity induced by serum deprivation. This effect appeared to be caused by the prevention of activation of caspases such as caspase-2 and caspase-3, and not by the inhibition of existing activity. Muscarinic receptor activation also stimulated the mitogen-activated protein kinase/extracellular signalingregulated kinase (MAPK/ERK) and phosphoinositide (PI) 3-kinase signaling pathways. The PI 3-kinase pathway inhibitors wortmannin and LY294002, as well as the MAPK/ERK pathway PD98059 inhibitor, did not however suppress the inhibitory effect of the muscarinic receptors on caspase activity. The results therefore suggested that the muscarinic survival effect is mediated by a pathway that leads to caspase inhibition by MAPK/ERK-and PI 3-kinase-independent signaling cascades. Cell Death and Differentiation (2000) 7, 825 ± 833.
Introduction
Apoptosis is a controlled cell death process which plays an important role during neuronal development and may underlie some neurodegenerative disorders. 1 ± 3 A key component of the apoptotic machinery is a family of proteases called caspases. These enzymes are first synthesized as inactive proenzymes which, in response to apoptotic stimuli, are cleaved to generate their active subunits. 4 Most if not all cells depend on trophic factors for their survival and die apoptotically if deprived of their trophic support. 5 The survival factors operate by activating their target receptors, which in turn transduce the survival signaling to the apoptotic machinery. Receptors that mediate the survival response include tyrosine kinase receptors for growth factors such as nerve growth factor (NGF) 6, 7 and insulin-like growth factor, 8 as well as receptors for cytokines such as colony-stimulating factor and interleukin (IL)-2 9 IL-3, 10 IL-4, 11 IL-9. 12 The nature of the intracellular signaling whereby these receptors inhibit apoptosis is now beginning to be unraveled. This is largely because of the identification of two signaling pathways, the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway 8, 13, 14 and the phosphoinositide (PI) 3-kinase signaling pathway, 15 as important components of the survival signaling process. How these second-messenger systems inhibit apoptosis is not fully understood, but the mechanisms appear to include inhibition of caspase activation and activity. It was shown, for example, that the downstream target of PI 3-kinase, the protein kinase B (PKB)/Akt, 16 can phosphorylate and inhibit the activity of caspase-9, 17 as well as of the pro-apoptotic member of the Bcl-2 family, Bad. 18, 19 PKB/Akt can however also be activated by PI 3-kinase independent mechanisms such as by protein kinase A (PKA) 20 and calcium/calmodulin dependent kinase kinase 21 and Bad can also be phosphorylated by MAPK/ERK, RSK 22, 23 and PKA 24 pathways. In addition to tyrosine kinase receptors and cytokine receptors, neuronal apoptosis can be inhibited by GTPbinding protein (G-protein)-coupled receptors such as the muscarinic acetylcholine receptors (mAChRs). 25, 26 The mechanism of action and the signaling pathways underlying this muscarinic inhibition are not known. The mAChRs comprise five subtypes, which can be divided into two groups according to their signaling mechanisms: m1, m3, and m5 mAChRs are preferentially coupled to the pertussis-insensitive Gq/G11 proteins that stimulate phosphoinositide hydrolysis, whereas m2 and m4 mAChRs are coupled to Gi/Go proteins that inhibit adenylyl cyclase.
The goal of the present study was to investigate the mechanisms whereby muscarinic receptors inhibit apoptosis and to determine whether it involves caspase inhibition. This was done using PC12M1 cells that were previously prepared in our laboratory. These cells express m1 muscarinic receptors, whose activation inhibits apoptosis induced by trophic factor deprivation. 26 PC12 cells serve as a useful model system for studying neuronal apoptosis since the molecular details of this process have been relatively well characterized in these cells. 6,37 ± 42 It was shown, for example, that caspases are activated and needed for apoptosis of trophic factor-deprived PC12 cells. 43 ± 48 The results of this study showed that activation of the m1 muscarinic receptor inhibits caspase activation induced by serum deprivation in PC12M1 cells, suggesting that the muscarinic effect on survival might be mediated by this inhibitory process. Furthermore, muscarinic receptor activation stimulated the putative PI 3-kinase and MAPK/ ERK survival pathways, but these pathways do not appear to mediate the muscarinic effect on caspase inhibition.
Results

Activation of m1 muscarinic receptors inhibits DEVDase activity
Apoptosis induced by trophic factor deprivation in PC12 cells requires caspase activity. 43, 46 We therefore examined the effect of muscarinic receptor activation on serum deprivationinduced caspase activity. Serum deprivation in PC12M1 cells resulted in rapid activation of caspases, as shown by cleavage of the peptide substrate DEVD-7-AMC (indicating DEVDase activity) in cell extracts prepared from the treated cells. This proteolytic activity was already evident 2 h after serum deprivation. It increased with time until it reached a peak about 3 ± 6 h after serum deprivation, and then declined ( Figure 1A) . DEVDase activity at the plateau was about 10-fold higher (range 2 ± 15-fold) than basal levels. Addition of the muscarinic agonist oxotremorine (100 mM) at the time of serum deprivation completely abolished this increase in DEVDase activity ( Figure 1A ). The inhibitory effect of oxotremorine on DEVDase was dose-dependent and saturable ( Figure 1B) , with a maximal effect at about 1 mM and an ED 50 of approximately 0.05 mM. The oxotremorine-induced inhibition of DEVDase activity was blocked by the muscarinic antagonist atropine ( Figure 1A ), indicating that it was indeed muscarinically mediated.
Although PC12M1 cells express both exogenous m1 and endogenous m4 receptor subtypes, the muscarinic survival effect is mediated by the m1 receptor. 26 To determine whether the muscarinic-dependent inhibition of DEVDase activity is also mediated by m1 receptors, we examined the effect of AF102B, an m1-selective agonist, 49 on the serum deprivation-induced caspase activity. As shown in Figure  1C , treatment with AF102B also inhibited the serum deprivation-induced DEVDase activity. The effect was dose-dependent and was maximal at about 10 mM with an ED 50 of about 0.5 mM. Taken together, these results showed that activation of m1 muscarinic receptors inhibits caspase activity.
Muscarinic suppression of caspase activity is due to inhibition of caspase activation
In an attempt to characterize the muscarinic effect on DEVDase activity, we examined this effect when oxotremor- Figure 1 Activation of muscarinic receptors block DEVDase activity induced by serum deprivation in PC12M1 cells. PC12M1 cells were deprived of serum and treated with 100 mM oxotremorine (oxo) or with 100 mM oxotremorine and 10 mM atropine (oxo+atr) for the indicated times (A). DEVDase activity was determined in lysates of the corresponding cells, as well as of untreated control serum-deprived cells, as described in Materials and Methods. The results shown are of a representative experiment (one of four experiments with similar results). Dose response of the effect of the muscarinic agonist oxotremorine (B) and m1-selective agonist AF102B (C) on DEVDase activity. Serum-deprived PC12M1 cells were treated with the indicated concentrations of oxotremorine or AF102B for 5 or 2.5 h respectively. DEVDase activity was determined for each treatment and in untreated control serum-deprived cells at t=0 and after 5 h. DEVDase activity (per cent of serum-deprived control cells) was determined by the measured ratio between DEVDase activity in agonisttreated cells, relative to the measured DEVDase activity in the absence of agonist. The data shown are mean values+S.D. (bars, n=3) ine was added 2 or 4.5 h after serum deprivation. As shown in Figure 2 , serum deprivation in PC12M1 cells resulted in a bellshaped induction of DEVDase activity, which peaked 5 h after withdrawal of serum. Addition of oxotremorine 2 h after serum withdrawal, when DEVDase activity was rapidly increasing, stopped any further increase in DEVDase activity and kept it at a constant level for an additional 1.5 h. In contrast, addition of oxotremorine 4.5 h after serum withdrawal, i.e., at the peak of DEVDase activity and before its rapid decline, had no effect on DEVDase activity and was followed by a decline in the enzymatic activity similar to that of cells not treated with oxotremorine. These results suggested that muscarinic treatment prevents caspase activation, but does not affect the activity of caspases once they have been activated.
DEVDase activity measures, inter alia, caspase-3 activity, and previous studies have shown that caspase-3 is activated during apoptosis induced by serum deprivation in PC12 cells. 46 To investigate the mechanism underlying the muscarinic effect on caspases, we therefore examined the effect of oxotremorine on caspase-3 activation as indicated by the appearance of the large (p18) subunit of processed caspase-3 on immunoblot analysis. Serum deprivation in PC12M1 cells resulted in the appearance of the p18 processed subunit within 2 h; its levels increased over time, reaching a peak about 5 h after serum deprivation and then declining (data not shown). Treatment of serum-deprived PC12M1 cells with 100 mM oxotremorine prevented the formation of this caspase-3 subunit ( Figure  3A ). These results showed that muscarinic activation inhibits the processing of the inactive caspase-3 zymogen and the generation of its active subunits. Similar inhibition of caspase-3 processing was also observed when PC12M1 cells were treated with the survival factor NGF ( Figure 3A ). The finding that muscarinic activation inhibits caspase activation may suggest that the muscarinic survival effect is mediated via muscarinic inhibition of caspases. To further characterize the muscarinic effect on caspases, we attempted to determine whether muscarinic activation would inhibit the processing of caspase-2, a caspase shown to be directly related to apoptosis of serumdeprived PC12 cells. 44, 47 As shown in Figure 3B , in serum-deprived PC12M1 cells the 36 ± 37-kDa N-terminal cleavage products of caspase-2 increased, indicating processing and activation of caspase-2. This processing was evident after 3 h and reached a peak about 5 h after serum deprivation. Treatment of serum-deprived PC12M1 cells with 100 mM oxotremorine inhibited the processing of caspase-2. Similar inhibition was observed when PC12M1 cells were treated with the survival factor NGF ( Figure 3B ), although NGF appeared to be slightly more effective than oxotremorine. These results suggested that muscarinic receptors may also inhibit activation of caspase-2.
We next examined the reversibility of the muscarinic effect on caspase activity. Serum-deprived PC12M1 cells were treated with oxotremorine and the muscarinic effect was then blocked by the addition of the muscarinic antagonist atropine 1, 2, 3, and 4 h after serum removal and oxotremorine treatment. As shown in Figure 4 , blocking of muscarinic activation at these time points caused a timedependent reduction in the effect of oxotremorine on DEVDase activity. These results suggested that the muscarinic effect on caspase activity is reversible and that continuous receptor activation is required for its full inhibitory effect.
Activation of muscarinic receptors in PC12M1 cells stimulates the MAPK/ERK and PI 3-kinase pathways, but these pathways are not needed for the muscarinic effect on caspases Both the MAPK/ERK pathway and the PI 3-kinase pathway (via PKB/Akt) have been shown to play a role in the protective effects of various survival factors. To determine whether these signaling pathways can mediate the muscarinic effect on caspases in PC12M1 cells, we first Figure 2 Muscarinic activation inhibits DEVDase activation but not DEVDase activity. PC12M1 cells were deprived of serum for the indicated times (^). Oxotremorine (100 mM) was added to some of the cultures after 2 (*) or 4.5 h (~) of serum deprivation. DEVDase activity was determined at the indicated time points and measured as described in Figure 1 . The results shown are a representative experiment (one of two experiments with similar results) Figure 3 Muscarinic activation inhibits the processing of pro-caspase-3 (A) and pro-caspase-2 (B). PC12M1-3 cells were deprived of serum and treated or untreated with 100 mM oxotremorine (O) or 50 ng/ml NGF (N) for the indicated times. Lysates of treated cells (100 mg protein) were resolved by SDS ± PAGE on 12.5% polyacrylamide gels, and subjected to Western immunoblotting using caspase-3 or anti-N-Nedd2 antibody, as described in Materials and Methods. The results shown are of a representative experiment (one of three experiments with similar results)
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Caspase inhibition by muscarinic receptors C Leloup et al investigated whether MAPK/ERK or PKB/Akt is stimulated by muscarinic activation. This was done by immunoblot experiments, using antibodies directed against the activated forms of these kinases (e.g., p-ERK and p-PKB/Akt). As shown in Figure 5 , activation of the muscarinic receptors by oxotremorine induced phosphorylation of PKB/Akt as well as of ERK. Stimulation of PKB/Akt phosphorylation was already evident after 3 min (not shown), remained at about the same level for 11 h and then decreased ( Figure 5A ). Phosphorylation of PKB/Akt was blocked by preincubation of the cells with the potent PI 3-kinase inhibitors, wortmannin (100 nM) or LY294002 (10 mM) ( Figure 5C ), suggesting that the muscarinic activation in PC12M1 cells induces Akt/PKB phosphorylation by a PI 3-kinasedependent pathway and that both wortmannin and LY294002 blocked this pathway in our experimental system. Treatment of the cells with oxotremorine also stimulated ERK phosphorylation ( Figure 5B ). This effect was already evident after 3 min, reached a peak after 10 min and then declined gradually until it became undetectable after 4 h. The muscarinic-dependent ERK phosphorylation was almost completely blocked by preincubation of the cells with the specific MAPK/ERK kinase inhibitor PD98059 (10 mM) ( Figure 5D ), suggesting that this muscarinic-dependent effect was mediated via the MAPK/ ERK pathway and that, in our experimental system, PD98059 effectively blocked this pathway. These results suggested that activation of muscarinic receptors in PC12M1 cells stimulates both the MAPK/ERK and the PI 3-kinase pathways. The possibility that these pathways mediate the observed muscarinically induced inhibition of caspases was examined by measurement of the effect of the PI 3-kinase inhibitor wortmannin (100 nM) or PD98059 (100 mM) on the muscarinic effect on DEVDase activity. Incubation of serum-deprived cells with either wortmannin ( Figure 6A ) or PD98058 ( Figure 6B ) did not abolish the ability of oxotremorine to block caspase activity. Similar results were also obtained with higher concentrations of wortmannin (300 nM) and with the more stable inhibitor of PI 3-kinase, LY294002 (1 ± 10 mM) (data not shown). Furthermore, wortmannin and PD98058 had no effect on the muscarinic inhibition of caspase activity when examined at other time points after serum deprivation (e.g., 5 and 2.5 h) or when added together and examined after 2.5 h (data not shown). Furthermore, neither wortmannin (100 nM), LY294002 (10 mM) nor PD98058 (10 mM) substantially reduced the ability of muscarinic activation to inhibit the processing of caspase-2 and caspase-3 (data not shown). Taken together, these results suggested that the MAPK/ERK and PI 3-kinase cascades are not needed for the muscarinic effect on caspase activity in PC12M1 cells.
To determine whether these pathways mediate the muscarinically induced survival effect, we measured the extent to which the stable PI 3-kinase inhibitor LY294002 (10 mM) and the MAPK/ERK pathway inhibitor PD98059 (100 mM) influence the muscarinic effect on the viability of serum-deprived PC12M1 cells. Wortmannin was not used in these experiments as it is not stable in long-term treatments (e.g., 50 ). As shown in Figure 7 , the addition of PD98059 to serum-deprived cells treated with oxotremorine did not significantly affect the viability of the cells, whereas addition of LY294002 or LY294002 plus PD980589 reduced their viability. However, the addition of these inhibitors by themselves could reduce cell viability. These results suggest that inhibition of the PI 3-kinase pathway in serum-deprived cells has a toxic effect on the cells, and that this toxic effect is countered by activation of the muscarinic receptors. However, the inability of oxotremorine treatment to completely block the death of serum-deprived cells in the presence of the inhibitors may suggest that the Figure 5 Muscarinic activation stimulates the MAPK/ERK and PI 3-kinase/ PKB/Akt pathways. PC12M1 cells were grown for about 18 h in the presence of 0.7% serum (A,B) or without serum (C,D) and 100 mM oxotremorine was then added to the cultures for the indicated times. Phosphorylation of PKB/Akt (PAkt) (A,C) and of MAPK/ERK (P-ERK1 and P-ERK2) (B,D) was determined by immunoblot assays using antibodies directed against the phosphorylated forms of ERK1, ERK2 and PKB/Akt, as described in Materials and Methods. The levels of PKB/Akt or MAPK/ERK were determined by a similar method using antibodies directed against PKB/Akt or MAPK/ERK. For examining the effect of the inhibitors on PKB/Akt (C) or MAPK/ERK activation (D), PC12M1 cells were preincubated in the absence (-ser) or presence of 100 nM wortmannin (WT), 10 mM LY294002 (L) or 10 mM PD98059 for 30 min, and then with 100 mM oxotremorine (O) for an additional 10 min in the continued absence (-ser) or presence of these inhibitors. The data shown are representative experiments of four (A,B) or three (C), or two (D) independent experiments respectively, that yielded similar results PI 3-kinase and the MAPK/ERK pathway have a partial role in the muscarinic survival effect.
Discussion
In this study we began to unravel the molecular pathways and processes whereby the G protein-coupled muscarinic receptors can inhibit apoptosis in neuronal cells. Our results showed that m1 muscarinic receptors inhibit apoptosisinduced caspase activation, but that the muscarinic pathway which mediates this effect is independent of the PI 3-kinase and MAPK/ERK activities.
Muscarinic signaling pathways
PI 3-kinase and its downstream target PKB/Akt, as well as MAPK/ERK, are known to deliver survival signals that inhibit apoptosis induced by withdrawal of growth factor in neurons and other types of cells. Our results suggest that these pathways are stimulated by activation of the muscarinic receptors. However, it cannot be concluded whether these pathways are essential for the muscarinic survival effect. The results show that the PI 3-kinase and MPAK/ERK pathway inhibitors partially inhibit the muscarinic survival effect, but it is not clear whether this inhibition is mediated by interference of the inhibitors with these specific pathways or by other mechanisms. Therefore our results do not prove that the PI 3-kinase and MAPK/ERK pathways are essential for the muscarinic survival effect in PC12M1 cells. We cannot exclude however the possibility that they participate in this effect. This assumption may be supported by a recent report which showed that activation of transiently transfected m1 receptors in COS-7 cells protects these cells against UVinduced apoptosis in a PI 3-kinase-dependent manner, probably through PKB/Akt. 51 The finding of muscarinic-dependent stimulation of the PI 3-kinase and ERK pathways is in agreement with recent observations. 51 ± 53 It should be noted, however, that activation of PKB/Akt is not a general feature of all G protein-coupled receptors in PC12 cells, as the lysophosphatidic acid and thrombin receptors do not stimulate PKB/Akt in PC12 cells. 54 
Activation of muscarinic receptors inhibits caspase activation
In an attempt to understand the mechanism whereby muscarinic receptors inhibit apoptosis we directed our attention to one important aspect of this process, namely caspase activity. Caspase activity was determined by Figure 6 MAPK/ERK and PI 3-kinase pathways are not needed for the muscarinic effect on DEVDase activity. Serum-deprived PC12M1 cells were pretreated for 30 min in the absence (control) or presence of 100 nM wortmannin (WT) (A) or 100mM PD98059 (B), and then incubated for an additional 2 h (without (control) or with wortmannin) or 4.5 h (without (control) or with PD98059) in the absence or presence of 100 mM oxotremorine (OXO). DEVDase activity was determined for each treatment and in control cells, as described in Figure 1 DEVDase activity as well as by the processing of caspase-2 and caspase-3. The DEVDase assay is widely used as an indicator of caspase activity and it measures the activities of caspases such as caspase-3 and -7.
55 ± 57 Serum deprivation for 3 ± 6 h induced 2 ± 15-fold increase in DEVDase activity. These differences in the induction of DEVDase activity are most likely due to fluctuation in the time required to reach the peak of activity between the different experiments. Accordingly, in some experiments, the same time point led to induction of DEVDase activity corresponding to the peak activity whereas in others it corresponded to the activity before or after the peak. Our results showed that activation of muscarinic receptors inhibits caspase activation induced by serum deprivation in PC12M1 cells. As caspases are needed for apoptosis induced by trophic factor deprivation in PC12 cells, 43, 46 the results shown suggested that the muscarinic survival effect is mediated at least in part by a pathway which leads to inhibition of caspases activity. Moreover, our finding that muscarinic activation inhibits pro-caspase-2 processing suggested that muscarinic activation inhibits caspase-2 activation. This further supports the notion that the muscarinic survival effect is mediated by inhibition of caspases, since caspase-2 plays an essential role in apoptosis of trophic factor-deprived PC12 cells. 44, 47 The role of other caspases, besides caspase-2 and caspase-3, in apoptosis induced by serum deprivation in PC12 cells has not yet been shown, although such a possibility cannot be excluded. The mechanism whereby muscarinic receptors inhibit caspase activation is presently unknown. A possible mechanism could be the inhibition cytochrome c release, either by increasing the expression of the anti-apoptotic members of the Bcl-2 family such as Bcl-2 and Bcl-x, or by other mechanism(s). It was recently shown that tyrosine kinase receptors, such as the NGF and epidermal growth factor receptors, can inhibit caspase activation. 58, 59 The findings presented here are the first demonstration that caspase activation can be inhibited by G protein-coupled receptors such as muscarinic receptors.
PC12M1 cells express both endogenous m4 and exogenous m1 receptors. We have previously shown that the muscarinic survival effect depends on m1 receptors. 26 These findings were extended in this study by the observation that the m1-selective agonist AF102B is an effective inhibitor of caspase activity in trophic factordeprived PC12M1 cells.
The signaling pathway mediating the muscarinic-dependent caspase inhibition
The results obtained showed that the PI 3-kinase and MAPK/ ERK pathways are activated by muscarinic receptors in PC12M1 cells. These signaling pathways were previously shown in some systems to inhibit caspase activity. 17, 60 It was therefore of interest to examine their ability to transduce the muscarinic survival effect on caspases. Interestingly, none of the examined inhibitors of the PI 3-kinase or MAPK/ERK pathway could suppress the muscarinic effect on caspases, although all were able to inhibit the muscarinic-dependent phosphorylation of PKB/Akt or MAPK/ERK respectively. Furthermore, previous studies in PC12 cells have shown that similar concentrations of these inhibitors inhibit both survival effects and the activities of ERK and PI 3-kinase. 8,15,61 ± 64 Our results therefore suggested that the MAPK/ERK and PI 3-kinase pathways are not essential for mediating the muscarinic effect on caspase activity in PC12M1 cells, but rather that this effect is mediated by a new, as yet unidentified, pathway. This finding is in line with recent studies showing that in some cases the survival effects of growth factors and cytokine receptors are mediated by MAPK/ERK-independent and PI 3-kinase-independent pathways. For example, neither the survival effect of NGF on sympathetic neurons 65 or Rat-1/MycER cells transfected with TrkA, 66 nor that of granulocyte/macrophage colony-stimulating factor on MC/9 cells, is mediated by the PI 3-kinase pathway. 67 Moreover, the MAPK/ERK and the PI 3-kinase pathways were not essential for the survival effect of NGF on apoptosis induced by ceramide in PC12 cells. 64 One possible signaling pathway candidate for mediating the muscarinic effect on caspases might be sphingosine-1-phosphate, which was shown to play an important role in the survival effect of NGF on PC12 cells, 68 and can be induced by at least the m2 and m3 muscarinic receptor subtypes. 69 The finding that inhibition of the PI 3-kinase pathway partially attenuates the muscarinic survival effect on the viability of the cells but not on caspase inhibition, raises the question of the mechanism whereby these cells die under these conditions. One possible mechanism is that serum-deprived cells can die via both caspase-dependent and -independent pathways, as was shown in some apoptotic paradigms such as Bax-induced cell death in the presence of caspase inhibitors. 70 Despite the fact that the caspase-dependent pathway seems to play a major role in the death of serum-deprived PC12 cells, once this pathway is inhibited, the caspase-independent pathway may take over. Alternatively, we cannot exclude the possibility that there are other caspases beside those examined in the present study which are activated and involved in apoptosis induced by trophic-factor-deprivation and that these caspases are inhibited by the muscarinic receptor in a different mechanism than that used to inhibit the DEVDase caspases and caspase-2. Accordingly it was shown that NGF withdrawal from differentiated PC12 cells induces expression of FasL which in turn may contribute to the apoptotic process via activation of the CD95 receptor 71 In such a case it is still possible that the muscarinic receptors will inhibit the activation of caspase-8, the caspase which is directly activated when the CD95 is activated (for review see 72 ) , by a PI 3-kinase dependent mechanism as was shown for CD3 activation in Fas-treated Th2-type cells. 73 In some systems, one signaling pathway appears to be sufficient for mediating survival induced by trophic agents such as NGF (PI 3-kinase 15 ) and Nacetylcysteine (ERK 63 ). In other systems, however, the survival effect may require the combined action of several signaling pathways. For example, insulin-like growth factor-1 inhibited apoptosis in differentiated PC12 cells by the combined action of PI 3-kinase and MAPK/ERK signaling pathways. 8 The results of this study suggest that the muscarinic survival effect could be mediated by the combined effect of at least two different pathways. The
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Materials and Methods
Materials
Ac-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (Ac-DEVD-7AMC) was purchased from Biomol Research Laboratories (Plymouth Meeting, PA, USA Cell culture and treatment with various drugs PC12M1 cells were established and grown as previously described. 26 ,74 PC12M1-3, which was used in some experiments, is a subclone of PC12M1 cells and is highly sensitive to serum deprivation. For serum deprivation experiments, cultures were washed once with phosphate-buffered saline (PBS), detached (by 0.5 mM EDTA) and centrifuged. The cells were resuspended in PBS and centrifuged again. This resuspension and recentrifugation were repeated, and the resulting pellet was resuspended in RPMI 1640 medium and plated on rat tail collagen-coated plates. Oxotremorine and AF102B were added, unless otherwise indicated, at the time of serum deprivation. In the experiments aimed at examining the effects of various drugs on the muscarinic effects, PC12M1 cells were deprived of serum and maintained in the presence or absence of wortmannin, LY294002, PD98059, or atropine for 30 min. Oxotremorine was then added for the indicated times in the continued presence of the drugs.
Assay for DEVDase activity
Caspase activity was measured in terms of assayed DEVDase activity. PC12M1 cells were deprived of serum for different periods of time. At the end of each time period, cells (5610 6 ) were collected, centrifuged, washed with PBS, and frozen at 7708C. After collection the pelleted cells were resuspended in 100 ml of extraction buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA and 10 mM EGTA) and lysed by three rounds of freezing and thawing. The extracts were then centrifuged for 5 min at 20 8006g. The resulting supernatants were normalized for protein content (approximately 300 mg) and assayed for DEVDase activity using the fluorescent synthetic peptide Ac-DEVD-7AMC (50 mM) in the reaction buffer (50 mM Tris-HCl, pH 7.4, 1 mM DTT and 2 mM MgCl 2 ). Fluorescence at 360 nm for excitation and at 460 nm emission was measured after incubation for 30 min at 378C. In each experiment, DEVDase activity was determined at t=0 and at the indicated times after serum deprivation in the absence or presence of oxotremorine and/or the indicated reagents. DEVDase activity induced by serum deprivation in the absence of oxotremorine was designated as the measured activity at the indicated time, minus the DEVDase activity at t=0.
Immunoblotting
For ERK and PKB/Akt immunoblotting, PC12M1 cells were grown for about 18 h in the presence of 0.7% serum or in its absence and then treated for 30 min with either wortmannin or PD98059. Oxotremorine was then added for an additional 3 min to 30 h. Cell lysates were prepared by incubation of the cells for 20 min on ice in lysis buffer (50 mM HEPES, pH 7.5, 10% glycerol, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 1.5 mM MgCl 2 , 200 mM sodium vanadate and protease inhibitor cocktail diluted 1 : 100 (Calbiochem Cat. No. 539131)) followed by centrifugation for 10 min at 20 8006g. For caspase-3 and caspase-2 immunoblotting, cell lysates were prepared from PC12M1-3 cells which had been deprived of serum for 2, 3, or 5 h, by three rounds of freezing and thawing in 100 ml of extraction buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA and 10 mM EGTA) followed by centrifugation for 5 min at 20 8006g. Aliquots of the resulting supernatants were subjected to sodium dodceyl sulfate polyacrylamide gel electrophoresis (SDS ± PAGE) (10% polyacrylamide for ERK and PKB/Akt or 12.5% polyacrylamide for caspase-2 and caspase-3) and electroblotted onto supported nitrocellulose. Equal amounts of protein (80 ± 100 mg) were loaded in each lane. Uniformity of sample loading was verified by staining of the blot with Ponceau. Blots were blocked for 1 h in 50 mM Tris base, pH 7.6, 150 mM NaCl, 0.1% Tween 20 containing 5% fat-free milk or in 10 mM Tris base, pH 7.6, 150 mM NaCl, 0.05% Tween 20 containing 5% fat-free milk for ERK or PKB/Akt and caspase-3, respectively. They were then incubated for 16 h with the primary antibody, rabbit polyclonal anti caspase-3 (CPP32) (1 : 2000) (Santa Cruz) or mouse anti-MAPK activated (diphosphorylated ERK-1&2) (1 : 15 000) (Sigma) or rabbit polyclonal anti-MAPK (1 : 5000) (Santa Cruz) or rabbit polyclonal anti Akt (1 : 2000) (New England Biolabs, Beverley, MA, USA) or rabbit anti phosphorylated Akt (phosph-Akt (Ser473) (1 : 2000) (New England Biolabs, Beverley, MA, USA)). Goat anti rabbit (1 : 10 000) or goat anti mouse IgG peroxidase conjugate (1 : 7500) was used as second antibody. For caspase-2 immunoblotting, blots were treated with anti-N-Nedd, an antibody directed against the N terminus of caspase-2, as previously described. 44, 58, 75 Blots were developed using the Amersham Enhanced Chemiluminescence Kit.
Counting of viable cells
The number of living cells in 96-well plates (2610 4 cells per well) was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 76 MTT was dissolved in PBS at a concentration of 5 mg/ml. From this stock solution, 10 ml per 100 ml of medium were added to each well, and the plates were incubated at 378C for 3 h. Acid-isopropanol (100 ml of 0.04 M HCl in isopropanol) was then added to the well and mixed in. After 15 min at room temperature, the plates were read on a Micro-ELISA reader at a test wavelength of 550 nm and a reference wavelength of 650 nm.
